Abstract. Magnetic particle inspection (MPI) has been widely utilized for decades, and sees considerable use in the aerospace industry with a majority of the steel parts being inspected with MPI at some point in the lifecycle. Typical aircraft locations inspected are landing gear, engine components, attachment hardware, and doors. In spite of its numerous applications the method remains poorly understood, and there are many aspects of that method which would benefit from in-depth study. This shortcoming is due to the fact that MPI combines the complicated nature of electromagnetics, metallurgical material effects, fluid-particle motion dynamics, and physiological human factors into a single inspection. To promote understanding of the intricate method issues that affect sensitivity, or to assist with the revision of industry specifications and standards, research studies will be prioritized through the guidance of a panel of industry experts, using an approach which has worked successfully in the past to guide fluorescent penetrant inspection (FPI) research efforts.
BACKGROUND
Magnetic particle inspection (MPI) is used for surface and near surface crack detection on ferromagnetic materials. For commercial aviation applications, most inspections are done using a wet, horizontal bench with either direct contact or central bar conductor shot capabilities for circular magnetization and coil shot capabilities to create a field for inspection in the longitudinal direction. A magnetic field is generated thru the specimen and the oil-based carrier fluid containing magnetic particles is flowed over the areas of interest. Cracks and other discontinuities will result in a localized area of magnetic flux leakage which attracts the magnetic particles and forms an indication which is then detected using a black light in the case of fluorescent MPI or with white light and contrast in dry powder MPI. Sensitivity depends on many factors including crack orientation with respect to the flux direction which is why most inspections require either two orthogonal field orientations. This is either done by processing the part with two different shots or by using multidirectional equipment.
In addition to the bench units described above, the use of yokes, coil wraps, and permanent magnets to induce the magnetic field is also possible. (Note that inspection using prods is also practiced in some industries. However, this practice is not allowed in commercial aviation because of concerns with arcing which could lead to localized damage and incipient defects that eventually lead to failure.) Choices also exist with regard to the current supply. Units which offer AC, HWDC and/or FWDC exist with increasing subsurface detection possible with the DC options.
Successful magnetic particle inspection requires that the flux density in and around the sample be within a given range. Low flux density may not lead to particle attraction, and in turn, result in no indications from defects, and too high of a density will result in high background noise and reduced sensitivity. Parts with complex geometries may result in areas with little or no magnetic flux being present in extremities or recesses. Typical MPI tests are developed through the reiterative use of quantitative quality indicators (QQIs) affixed to critical areas, and progressively increasing current until the artificial defects are visible. Industry specifications such as ASTM E-1444 provide guidance on performance of MPI [1] .
OBJECTIVES
 To identify the most relevant factors in magnetic particle inspection for which existing engineering data is insufficient, assess the parameter ranges that provide acceptable performance for typical aircraft and engine components, and document the results of these studies for use in revision of industry specifications.
 To complete an assessment of existing process control/monitoring tools and provide needed improvements.
 To develop/validate MPI guidance materials for use by the airlines and OEMS that incorporate "lessons learned" in this program and incorporate other recently developed data and information.
TECHNICAL APPROACH
As described in the previous sections, MPI is a widely used inspection method with numerous commercial options available to practice the method. While commercial equipment is readily available and numerous inspection techniques have been issued for use in MRO situations, industry partners have expressed considerable interest in accessibility to public domain engineering data for the method. Iowa State University has recently completed a multiyear program in fluorescent penetrant inspection (FPI) under FAA support as part of contract number DTFA03-98-D-00008. The generic approach utilized in that program will be duplicated in the new effort and is as follows:
• Define factors for which engineering data is deficient.
-Examples include the impact of part geometries, coatings and plating • Design engineering study that provides quantitative assessment of performance -Brightness measurements -Digital recording of UVA indication -Probability of Detection -Magnetization methods -Magnetic field measurement • Complete study using either lab or shop facilities as appropriate. (Several industry partners have offered access to their facilities including Delta, American, and United. ISU also has an opportunity to work with the Iowa Air National Guard NDI shop, located at the Des Moines Airport.) • Distribute results through use of web • Support changes to industry specifications as warranted • Utilize results to update/create guidance materials In an effort to focus the program on those issues of most relevance, an informal survey of industry partners was completed. The common issues are categorized as follows:  Geometry effects: Electromagnetic theory is often based on simple shapes with minimal or no geometric changes.
However, real parts have complex geometries, such as firtrees in disks, threaded bolts, large landing gear assemblies that can have multiple flanges, races, and tapers, shafts, etc. Simple formulas exist for determining proper current values such as those published in ASTM 1444. However, errors can occur and better direction has been requested by the industry partners on the limitations of the formulas. Just as questions exist with the adequate magnetization of complicated geometries, similar issues exist with demagnetization.  Comparison of magnetization methods: The selection of a wet, horizontal inspection bench for MPI is often the preferred method. However, in some cases, the use of yokes or permanent magnets may be preferred or the only available option because of accessibility or inability to bring the part to the bench. In addition, there are options for selection of the current type between alternating current, direct current with either a full-wave or half-wave.
Quantitative data comparing sensitivity of the different approaches is needed.  Magnetization parameters and their measurement: Questions have been raised regarding "adequate flux density" and the ability to make accurate measurements. Clear guidance for using Gauss Meters, hall effect probes, etc. for determining adequate field strength for both circular and longitudinal fields was identified by several partners, including input provided by Air Force NDI personnel.  Comparison of FMPI to contrast MPI and dry particle MPI: Most aviation inspection is accomplished using fluorescent MPI. However, there have been reports of improved sensitivity using black magnetic ink on complex geometry (disk firtree) parts. A quantitative assessment of the various media would be beneficial in OEM inspection specifications.
 Best practices for QQIs: The use of notched shims for inspection sensitivity for various materials has been questioned. Guidance on the adequacy of flux density for a given volume, comparison of single, longer duration shot to multiple, shorter duration shots, are among the items identified as of interest. Best practice guidance on the use of Ketos rings and other calibration approaches was also suggested as a needed item.  Manufacturing and shop practices on sensitivity: Many ferrous parts are coated using either metallic or inorganic coatings to provide necessary corrosion, wear, or thermal protection. Removal of coatings is costly and can be detrimental to performance/safety upon return to service. Therefore there is a desire to perform inspection with coatings intact. However, there are concerns about the effectiveness of the inspection if this practice is allowed. Clear guidance on the limitation of inspection thru coatings is needed, and was the most predominant request among the industrial partners. A second "shop practices" question arose regarding the effect of using "shop air" to remove puddled MP fluids and the effect of this practice on sensitivity.
EQUIPMENT AND SYSTEMS
Equipment used for this research project are described below in Table 1 and in the photographs next to the table. All three systems are located at CNDE. 
PRELIMINARY RESULTS
Throughout the course of the program there have been many experimental studies conducted. What follows below are two short discussions on two of the completed studies that showed a significant impact on the experimental work as well as improved an understanding of an aspect of the method overall.
Experimental Studies: MPI Indication Quantitative Analysis
A study was undertaken to determine suitability of AS 5282 ring to detect an out of tolerance condition of magnetic particles, among other factors. As part of this work an image analysis procedure was developed to reduce operator variability that is normally inherent in the ring procedure due to different operators having different thresholds for what they determine to be a formed line indication. Image analysis was performed using a numerical image process written in Matlab with an example shown in Figure 1 below.
The term lowess is a filter type available in Matlab used for this analysis. The images shown provide a graphical depiction of the different effects of the filter being set high for maximum noise rejection or low for best maximum value measurement. The filter settings need to be chosen as to allow fitting to the peak from the AS 5282 indication itself rather than the spurious high signal levels elsewhere in the image. For this reason different filter types were tested and two different filters were chosen as best depending on whether you were interested in the maximum height of the signal from the indication or more interested in avoiding a false measurement from the spurious bright pixels in the image. The spurious bright pixels cannot be avoided due to the nature of the fluid settling on the surface of the ring. 
Experimental Studies: Permeability Measurements
The purpose of this study is to measure spatial variation in magnetic permeability in steel components, which is considered as one of the component effects that could affect MPI inspection. While magnetic permeability of a given component is usually assumed to be uniform, in reality it often varies from place to place due to several factors including, for example, variations in chemical or phase composition, and non-uniform distributions of residual stress or cold work. If spatial variation in permeability exists in a part, the MPI indication does not necessarily develop in regions with lower permeability even if an optimal magnetization condition is used for the average permeability. It is therefore the objective of this work to detect and measure the typical permeability change within a part, and eventually to study how such changes affect inspection results.
In this work, the local permeability values of two square steel bars were measured using the Magnescope, which is a portable system developed at ISU for measuring magnetic hysteresis of component steel using a surface sensor probe. The experimental setup is shown in Figure 2 . FIGURE 2. The experimental setup used to measure spatial variations in magnetic permeability on 4130 and 4340 alloy steel bars. To the right, the surface sensor probe was aligned so that the magnetizing field, H, was applied along the long axis of the steel bars. Measurements were made at spacings of 1 inch along the 16-inch bar.
Two steel bars made of 4130 and 4340 steel were studied. They have the same nominal dimensions of 2" x 2" x 18". The surface sensor probe consists of three main components: (i) a c-core electromagnet that applies a lowfrequency, periodic magnetic field to the part; (ii) a Hall Effect sensor to detect the tangential component of magnetic field at the part surface, and (iii) a pick up coil to detect the magnetic induction signal. The magnetic hysteresis loop was obtained by plotting the magnetic induction signal as a function of the surface field, from which the magnetic permeability can be extracted. The detected magnetic signals give an average magnetic response of the region interrogated by the applied field, which is about 0.5" long for the present sensor probe. Measurements were carried out over 16" long region of the steel bars in one inch steps to detect permeability change within the bars.
The magnetic hysteresis loops measured from the 4130 and 4340 steel bars are shown in Figure 3 . Strictly speaking, permeability is not a constant. It varies over the hysteresis cycle, attaining a maximum near the coercivity and then gradually decreases as the part approaches saturation. In this work, the permeability at the coercivity, which represents the largest permeability values over the Hysteresis cycle, was extracted and plotted in Figure 4 for the two steel bars.
The 4340 bar overall shows larger permeability values than the 4130 sample. Significant spatial changes in permeability were observed in both cases. The permeability changes by 16% and 18% for the 4130 and 4340 bars, respectively. The potential effects of these permeability changes on MPI will be further studied. Specifically, for a given bar EDM notches of the same size will be made at two locations with different permeability values. The bar will then be inspected on a bench and field strength needed for indication will be compared in order to quantify the effects of permeability variations on MPI. 
